Neutrinos are unique probes of core-collapse supernova dynamics, especially in the case of black hole (BH) forming stellar collapses, where the electromagnetic emission may be faint or absent. By investigating two 3D hydrodynamical simulations of BH-forming stellar collapses of mass 40 and 75 M , we identify the physical processes preceding BH formation through neutrinos, and forecast the neutrino signal expected in the existing IceCube and Super-Kamiokande detectors, as well as in the future generation DUNE facility. Prior to the abrupt termination of the neutrino signal in correspondence to BH formation, both models exhibit episodes of a long lasting, strong standing accretion shock instability (SASI). We find that the SASI peak in the Fourier power spectrum of the neutrino event rate will be distinguishable at 3σ above the detector noise for distances up to ∼ O(30) kpc in the most optimistic scenario, with IceCube having the highest sensitivity. Interestingly, given the long duration of the SASI episodes, the spectrograms of the expected neutrino event rate carry clear signs of the evolution of the SASI frequency as a function of time, as the shock radius and post-shock fluid velocity evolve. Due to the thick non-convective layer covering the transiently stable neutron star, any contribution from the lepton emission selfsustained asymmetry (LESA) cannot be diagnosed in the neutrino signal.
I. INTRODUCTION
Core-collapse supernovae (SNe) occur when stars with a zero-age main sequence mass roughly between 10-150 M end their lives with the onset of gravitational collapse of their inner core [1] [2] [3] . According to the delayed SN mechanism, the electron-degenerate iron core bounces and induces a shock wave in the infalling stellar mantle. As it travels outwards, the shock wave loses energy by dissociating iron nuclei, and stalls. The SN then enters the accretion phase, in which infalling matter continually accretes onto the shock front [4] . In successful SNe, the shock wave is thought to be revived by neutrinos [5] . During the accretion phase, hydrodynamical instabilities such as the standing accretion shock instability (SASI), neutrino-driven convection, and the lepton emission self-sustained asymmetry (LESA) can develop, leading to large-scale asymmetries of mass distribution visible in the neutrino emission [6] [7] [8] [9] [10] [11] [12] [13] . Convective overturn and SASI also enhance the rate of neutrino heating, aiding the revival of the SN explosion.
A revived SN explosion, in which the stellar mantle is successfully ejected, will result in the formation of a neutron star. However, a black hole (BH) can be the outcome if the explosion mechanism fails, and matter continues to accrete onto the transient proto-neutron star (PNS), pushing it over its Chandrasekar mass limit. In 10-30% of all core-collapse cases, or likely more, the massive star is expected to end in the direct formation of a BH, as hinted by the observation of disappearing red giants [14] [15] [16] [17] and foreseen by recent theoretical work [18] [19] [20] .
The newly-born BH is expected to form after a few fractions of a second, up to several seconds, if it has a relatively long accretion phase. Black hole forming stel-lar collapses (sometimes also named "failed SNe") emit a faint electromagnetic signal originating from the stripping of the hydrogen envelope [21] [22] [23] . Sometimes, the BH formation may occur with a considerably longer delay, if not enough energy is released to finally unbind the star. In this case, a fraction of the stellar matter will fall back onto the PNS within minutes to hours and the PNS will be pushed beyond its limit, leading to BH formation [3, 24] . These so-called "fallback SNe" represent an intermediate class between ordinary SNe and BH-forming stellar collapses. The signals from fallback SNe will be similar to those of ordinary SNe with possible additional sub-luminous electromagnetic displays [25] . Given the dim emission, BH-forming stellar collapses are difficult to detect electromagnetically. Neutrinos (and possibly gravitational waves) can therefore be unique probes of these cataclysmic events.
Early 1D hydrodynamical simulations of BH-forming models in spherical symmetry were carried out in [18, 19, [26] [27] [28] . In [29] the effects of the nuclear equation of state (EoS), mass, metallicity, and rotation on BH formation were studied with a large set of so-called 1.5D progenitor models (i.e., employing spherical symmetry and an "approximate angle-averaged" rotation scheme). Recently, [30] investigated the time dependence of BH formation on the nuclear EoS in a 2D self-consistent simulation of a non-rotating 40 M model. Together, these studies provide fundamental predictions of the key features of the neutrino emission properties from BH-forming models.
The detection of a neutrino burst from a nearby BHforming stellar collapse is bound to yield precious hints on the BH formation, see e.g. [31, 32] . Moreover, the neutrino signal from BH-forming stellar collapses is of relevance in the context of the detection of the diffuse SN neutrino background; the detection of the latter will indeed provide insight on the fraction of BH-forming stellar collapses on cosmological scales [33] [34] [35] [36] [37] [38] [39] .
The information carried by neutrinos from BHforming stellar collapses has so far been explored using inputs from 1D hydrodynamical simulations only. In recent years, state-of-the-art 3D simulations of core-collapse SNe with sophisticated energy-dependent neutrino-transport have highlighted the pletora of information carried by neutrinos, especially for what concerns the pre-explosion dynamics [13, [40] [41] [42] [43] [44] [45] [46] . The first 3D simulation of BH formation and fallback was carried out in [47] , motivated by the need to explain astrophysical observations of metal poor stars, natal kicks, and the spin of BHs. It was found that the mass accretion rate remains large even directly after the core bounce. The rapid growth of the PNS causes a contraction which induces violent SASI activity [6, 48, 49] and an enhanced neutrino heating in the post-shock layer. The increased heating may be responsible for an expansion of the shock wave, sometimes even an explosion, followed by the eventual collapse of the transient PNS into a BH [30, 47, 50] .
This work aims to identify the dominant features in the observable neutrino signal characterizing BH formation. Our analysis is carried out with two 3D simulations of BH-forming stellar collapse with different progenitor masses and metallicities. The resulting neutrino emission properties are compared and contrasted to those from ordinary core-collapse SNe, and consequently, the neutrino properties which are unique to the post-bounce evolution of a SN into a BH are determined. We provide a first attempt to infer the underlying physical processes governing BH formation, using the features detectable through neutrinos with the IceCube Neutrino Telescope [51] , Super-Kamiokande [52] , and DUNE [53] .
This paper is outlined as follows. In Sec. II the key features of the BH-forming models used throughout this work are outlined. Section III discusses the neutrino emission properties and how they relate to the various hydrodynamical instabilities arising in the models. The features detectable in the neutrino signal which are unique to BH formation are presented in Sec. IV. Finally, conclusions follow in Sec. V.
II. SIMULATIONS OF BLACK HOLE FORMING STELLAR COLLAPSES
In this Section, we briefly describe the key features of the two 3D hydrodynamical simulations used throughout this work. The neutrino emission properties will be described in the next Section.
Two simulations of non-rotating 40 M and 75 M stars were carried out with the Prometheus-Vertex code [54] , which includes three neutrino flavors, energy dependent ray-by-ray-plus neutrino transport, and stateof-the-art modeling of the microphysics [10, 55] . Both simulations were performed on an axis-free Yin-Yang grid [56, 57] .
In hydrodynamical simulations of BH-forming models, where the central density and mass of the PNS continue to grow to relatively large values, an implementation of general relativity (GR) is crucial. The VERTEX code approximates the effects of GR by replacing the Newtonian gravitational potential with a modified Tolman-Oppenheimer-Volkoff (TOV) potential, as proposed in [58] and implemented in [30, 32, 59] . Specifically, by prescribing the TOV potential according to Case A in [58] , the full GR case can be closely reproduced, while keeping a sophisticated treatment of neutrino transport and the simulation costs lower than needed for solutions of the Einstein field equations. Redshift corrections and time dilation are included in the neutrino transport, while relativistic transformations of the spatial coordinates are excluded in order to remain consistent with the Newtonian hydrodynamics equations governing the fluid dynamics in these simulations [54] .
The simulation of the 40 M SN model has an angular resolution of 5 degrees and a temporal resolution in the data output of 0.5 ms. The progenitor has solar metallicity (Z ∼ 0.0134) [60] , and the employed nuclear equation of state (EoS) was the one of Lattimer and Swesty [61] with nuclear incomprehensibility of 220 MeV. The collapse into a BH occurs at ∼ 570 ms post bounce.
The simulation of the 75 M SN model has an angular resolution of 2 degrees and a temporal resolution of 0.2 ms in the data output. The progenitor has an ultrapoor metallicity, Z ∼ 10 −4 Z [62], and we again used the Lattimer and Swesty EoS. In this simulation, the BH formation occurs at 250 ms post bounce, indicating a shorter accretion phase compared to the 40 M model. Figure 1 shows the time evolution of the characteristic quantities for the two models. The 75 M model displays a generally constant mass accretion rate after the infall of the Si/O interface through the shock (top panel), and a steep increase in the baryon density (third panel) in the instants preceding the BH formation. Due to stabilizing effects of thermal pressure, BH formation sets in at a baryonic mass that is higher than the maximum mass of cold NSs for the employed EoS, which allows a maximum baryonic mass of about 2.3 M [63]. In both models, the PNS baryonic mass, plotted in the second panel of Fig. 1 , rapidly increases and reaches a value of about 2.5 M just before the BH formation. As can be seen in the plot of the shock radius evolution (fourth panel), shock expansion occurs in the 75 M model just prior to the BH formation, similarly to what was observed in [30, 47, 50] . On the other hand, this does not happen for the 40 M model where the average shock radius reaches a quasistationary value, although with considerable excursions with time. The behavior of the shock radius for 40 M model differs from the one of the 40 M model, simulated in 2D with the same EOS and nuclear incompressibility, studied in [30] ; in fact, the latter showed a shock revival prior to the collapse of the PNS into a BH. In the 40 M model, episodes of shock contraction and expansion occur just before the BH formation, while in the 75 M model, the shock radius quickly expands before the collapses into a BH. As expected and shown in the bottom panel of Fig. 1 , the PNS radius rapidly contracts until the BH forms.
III. NEUTRINO EMISSION PROPERTIES
The neutrino signal carries unique imprints of the hydrodynamical instabilities governing the accretion phase.
To determine those characteristic of the onset of BH formation, we explore the evolution of the emitted neutrino properties of our 40 M and 75 M models. The neutrino properties were extracted at a radius of 500 km and remapped from the Yin-Yang simulation grid onto a standard spherical grid. The neutrino emission properties for each flavor have been projected and plotted to appear as they would for a distant observer located along a specific angular direction, following the procedure outlined in Appendix A of Ref. [40] . The neutrino emission properties for every angular direction, as well as the 4πequivalent ones, can be provided upon request for both models.
A. Directionally independent neutrino emission properties
Before investigating the directional dependence of the neutrino emission properties, we focus on characterizing the global features of the 40 M and 75 M models that may be unique to BH-forming stellar collapses. We do this by considering the neutrino emission properties obtained after integrating over all observer directions.
The top panels of Fig. 2 show the luminosity of each neutrino flavor (ν e ,ν e , and ν x =ν x = ν µ , ν τ ) extracted at 500 km and individually obtained by integrating over all observer directions for both models. The red, blue, and green curves refer to ν e , ν e , and ν x , respectively. One can see that large amplitude modulations due to SASI survive in the 40 M model (left panel), even after averaging over all observer directions, suggesting that SASI is quite strong in this model. This is not the case for the 75 M model (right panel). Moreover, the 75 M model has a shorter accretion phase before BH formation and a higher neutrino luminosity.
Comparing the global neutrino properties of these models with the ones of ordinary SNe, see e.g. [40] , we find that the neutrino luminosity is larger for the BHforming models, up to a factor of two for the 75 M model. The neutrino signal suddenly terminates at 570 and 250 ms for the 40 M and 75 M models, respectively, corresponding to BH formation. At ∼ 170 ms post bounce, the neutrino luminosity drops in the 40 M model because of the constant mass accretion but rapid PNS contraction (see third panel of Fig. 1 ). At ∼ 450 ms post bounce, the infall of the Si/O interface in the 40 M model leads to a temporary decline in the neutrino luminosity and shock expansion. Notably, the neutrino luminosity increases after this drop, until ∼ 510 ms, where it drops again. After this second drop, the luminosity climbs until the onset of the collapse to a BH. This behavior tracks the contraction and expansion of the shock radius observed in Fig. 1 . At ∼ 550 ms, the shock radius contracts again (see third panel of Fig. 1 ), leading to an increase in the luminosity and finally to the onset of BH formation.
Another notable feature, present in both BH-forming models, is the steady increase in the ν x luminosity in [150, 400] ms for the 40 M model and after the drop due to the crossing of the Si/O interface at 175 ms for the 75 M model (these time intervals correspond to the dipolar SASI phases for each model, as will be shown in the following Section). This trend in the ν x luminosity is characteristic of the BH-forming models and it is due to the increase in temperature as the PNS contracts, similar to what was found in [26] . Moreover, a crossing between the ν e andν e luminosities occurs. In fact, the ν e luminosity tends to drop after the crossing of the Si/O interface at 450 ms (175 ms) for the 40 M (75 M ), while thē ν e luminosity stays almost stationary. This decrease of the ν e luminosity occurs because the mass accretion rate becomes lower and the PNS contracts. In contrast, the ν x luminosity increases because of the PNS heating during its contraction and deeper decoupling of ν x . This trend is less pronounced in the 40 M model because its PNS is less massive, hence it contracts more slowly and the mass accretion rate is higher. Theν e 's, on the other hand, decouple in between ν e and ν x and tend to have a resultant intermediate trend between the increase of the ν x luminosity and the decrease of the ν e luminosity, which result from the simultaneous increase in the medium temperature due to the PNS contraction. The mean energies in the lower panels of Fig. 2 have been estimated by dividing energy flux by the number flux. No crossing of the mean energies ofν e and ν x occurs as was found in core-collpase simulations with lower mass accretion rates and correspondingly less rapidly growing PNS masses (see e.g. [64] ).
B. Directionally dependent neutrino emission properties
Previous work [40] [41] [42] [43] [44] [45] [46] pointed out that the neutrino emission properties are highly directionally dependent. More specifically, in SN models showing SASI activity, sinusoidal modulations in the neutrino signal associated with the bouncing of the shock wave are visible to an observer sitting along the SASI plane, while these modulations may fully disappear for an observer located perpendicular to the SASI plane [40, 41] . Building on these findings, we attempt to identify potential SASI episode(s) in the BH-forming models by looking for modulations in the neutrino signal and scanning over all observer direc- tions. Figure 3 shows the neutrino luminosities and mean energies for the 40 M model as a function of the postbounce time along three selected observer directions. The three directions are chosen to highlight the most extreme amplitude modulations, and to show the maximal variation between periods of modulation.
Along Direction 1, a period of high amplitude modulation of the neutrino properties can be observed in the interval [160, 500] ms. These modulations are indicative of a single long SASI phase along the plane of observation (SASI I). By comparing the left and central panels of Fig. 3 , however, one can see that only the modulations in [160, 420] ms decrease upon changing to an observer along Direction 2 (SASI I, Phase I). The modulations in the second sub-interval, [420, 500] ms, disappear by shifting to an observer placed along Direction 3 (SASI I, Phase II). This suggests a change of the main SASI plane at the interval [420, 500] ms. Whether the shift of the SASI plane occurs gradually or instantaneously cannot be easily inferred by scanning through the observer directions alone, and will be further investigated in the next Section. Finally, a second period of signal modulation can be identified in Fig. 3 between [530, 570] ms (SASI II). This indicates the occurrence of a second SASI episode for the 40 M model, which develops directly after the infall of the Si/O interface, and appears to remain stable until the collapse into a BH.
Similarly, Fig. 4 shows the neutrino properties of each flavor for the 75 M model. Upon scanning over all observer directions, two directions are extracted to illustrate the behavior of this model; a direction of "weak modulations," in which there is minimal total variation of the signal compared to the average variation, and a direction of "strong modulations," where the amount of signal variation is maximal. A first phase of signal modulations is apparent in the interval between [140, 175] ms. These modulations remain present in the signal throughout all scanned observer directions and are due to SASI quadrupolar motions, as will be further investigated in the next Section. Following this, a SASI dipolar phase can be identified in the interval of [175, 230] ms. As ex- pected, the latter depends more strongly on the observer direction, thus disappearing when shifting between the directions of strong and weak modulations.
C. Characterization of SASI in black hole forming models
In order to obtain a better characterization of SASI in the BH-forming models, and to verify the conjectures of the SASI episodes presented in the previous Section, a detailed investigation of the temporal evolution of SASI is required. This is the focus of this Section.
The full animation of the time evolution of the ν e luminosity relative to its 4π-average, [(Lν e − Lν e )/ Lν e ], for the 40 M model provided as Supplemental Material of this paper, shows that SASI spiral motions dominate the dynamics of this model. Dipolar (quadrupolar) SASI motions are characterized by large-amplitude nonradial deformations of the postshock layer, reflected by a dominant l = 1 (l = 2) mode in the neutrino luminosity [65] . Following the approach introduced in Sec. IV of [46] , we employ a multipole analysis of the neutrino luminosity, and track the evolution of its dipole in time. For simplicity, we limit our analysis to the ν e signal; however, similar trends are found for the other (anti)neutrino species.
We estimate the monopole (A 0 ), dipole (A 1 ), and quadrupole (A 2 ) of the ν e luminosity as described in Sec. IV and Eq. 5 of [46] . The left panel of Fig. 5 shows the time evolution of A 1 and A 2 relative to A 0 for the ν e luminosity of the 40 M BH-forming model. The dashed vertical lines indicate the two SASI intervals described in Sec. III B (SASI I and SASI II). In both intervals, the dipole moment is dominant confirming the development of SASI in each time window.
To investigate the shift of the SASI plane at ∼ 420 ms during the SASI I episode, the direction of the positive dipole moment is tracked along the SN emission surface over time in the top panel of Fig. 6 . The left and central panels show the first SASI episode split up into the two sub-time intervals identified in Fig. 3 (SASI I, Phase I and II), and the right panel shows the second SASI episode (SASI II). The markers indicate the coordinates along which Directions 1, 2, and 3 in Fig. 3 lie from left to right, respectively.
It is clear that the first SASI phase kicks in along the equatorial plane. Here, it remains relatively stable until ∼ 420 ms. After that, the SASI dipole plane morphs from an equatorial one to the almost perpendicular plane Fig. 6 ) lies away from the plane to which the second phase of the first SASI episode evolves in the interval [420, 500] ms, and thus, the signal modulations in this interval disappear between Direction 2 and Direction 3 in Fig. 3 .
The evolution of the SASI plane over time is specific to this BH-forming model, probably because of the long duration of the first SASI episode. Based on the neutrino properties discussed in this Section, we infer that the SASI plane in this model evolves possibly as a result of perturbations caused by changes in the mass-accretion rate and PNS radius.
The right panel of Fig. 5 shows the corresponding relative dipole and quadrupole strengths of the ν e luminosity for the 75 M model as a function of time. Interestingly, in the right panel of Fig. 5 the quadrupole mo-ment dominates in the earlier interval, [140, 175] ms, confirming that the corresponding SASI modulations identified in the neutrino luminosity have a quadrupolar nature. In fact, by plotting the ν e luminosity relative to its 4π-average ( Lν e ) on a Molleweide map for the SN emission surface at four consecutive snapshots in time in Fig. 7 , a clear quadrupolar pattern of SASI can be seen. The SASI quadrupolar activity is even more apparent in the full animation of the ν e luminosity relative the 4πaverage, added as Supplemental Material of this paper, from which the snapshots in Fig. 7 have been taken.
Once the Si/O shell interface has fallen into the shock front at ∼ 175 ms, the shock front expands, increasing the volume within the gain layer (see Fig. 1 ) This leads to favorable conditions for the development of a dipolar SASI [66] , and it is consistent with the dominance of the dipole SASI mode in the 40 M model, where the shock radius during most of the post bounce evolution (until shortly before BH formation) is larger than in the 75 M model between 140 ms and 175 ms. This is evidenced by the dipole dominance in preceding BH formation is marked by a steep decay of the luminosity dipole at 230 ms. This, in turn, is also visible as a damping of the SASI modulations in Fig. 4 .
D. Absence of LESA in black hole forming models
In [13] a large hemispheric dipolar asymmetry in the electron-lepton number (ELN) flux was found in the 3D simulations of 11.2, 20, and 27 M SN models. These findings have been confirmed in [49] and, more recently in [67] [68] [69] . LESA is thought to originate from hemispherically asymmetric convection in the PNS, which induces regions of excess of ν e with respect to ν e in the PNS convective layer [13, 69] . This in turn leads to the development of large-scale asymmetries in the ELN flux [13] .
In order to quantitatively characterize LESA, for each angular direction (θ, φ), we employ the ρ parameter introduced in [46] :
with T = (t 2 − t 1 ) and Lν e denoting the timedependent average ofLν e (θ, φ) over all directions; the time-dependent luminosityLν e (θ, φ) is the "mid-line" luminosity found by determining the local maxima and minima of the luminosity signal and interpolating halfway between them (see Ref. [46] for more details).
We use the ρ parameter to estimate the strength of LESA in the BH-forming models, and show it in Fig. 8 . To maximize any effects due to LESA, we choose to integrate over the time intervals in which the ELN dipole is found to be the largest for each model (i.e., [170, 240] ms for the 40 M model, and [150, 200] ms for the 75 M model). It is clear that the 75 M model exhibits signs of weaker LESA compared to the 40 M model, and that both exhibit a weaker LESA dipole than previously studied SN models (see, e.g., Fig. 7 of [46] for comparison). The low amplitudes of the hot/cold regions present in Fig. 8 , corresponding to strong/weak ELN flux, imply that LESA is almost absent in BH-forming stellar collapses. This is due to the very high mass accretion rate of the PNS before collapse to a BH. The mass accumulates in a thick and hot accretion mantle around the core of the PNS, burying the PNS convection layer deep inside the compact object. The neutrino luminosity is strongly dominated by the emission from the convectively stable accretion layer. Any convective asymmetry that may develop in the convection zone deep inside the PNS therefore hardly affects the neutrino emission.
References [13, 40] found that the development of LESA is characterized by an anti-correlation of the relative luminosities of ν e andν e . Figure 9 shows the evolution of the luminosity of each neutrino flavor (L ν β ) for the directions corresponding to the maximum ELN variation shown in Fig. 8 for the 40 M and 75 M models, relative to the time-dependent average luminosity over all directions ( L ν β ). Figure 9 shows negligible anti-correlation of the luminosity variations of ν e andν e , slightly visible for the 40 M model and absent in the 75 M model. This indeed confirms the absence of LESA in these BHforming models.
IV. DETECTABLE FEATURES IN THE NEUTRINO SIGNAL
Neutrinos are amongst the only potentially detectable probes of a massive star collapsing into a BH. In this Section, we focus our attention on the detectable characteristics of the emitted neutrino signal, and identify
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Phase II Phase I which of the physical features discussed above can be directly inferred from measurable quantities. To this purpose, we estimate the event rate detectable in IceCube, Super-Kamiokande, and in the Deep Underground Neutrino Experiment (DUNE) for the two BH-forming models.
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Given the current uncertainties on the flavor conversion of neutrinos in the SN envelope [32, 70] , we refrain from considering any specific flavor conversion scenario, and instead rely on the un-oscillated neutrino signal. The real signal detected on Earth will therefore be an intermediate case between theν e (ν e ) un-oscillated signal (mimicking what one would detect in the absence of flavor conversions) and the ν x un-oscillated signal (mimicking what one would detect under the assumption of full flavor conversions).
A. Expected neutrino event rate
The neutrino detector currently providing the largest event statistics for a Galactic SN is the IceCube Neutrino Observatory [51] . This Cherenkov detector works mainly through the inverse-beta-decay channel, and is therefore sensitive to the ν e flux. We estimate the IceCube event rate for each BH-forming model by folding the emitted neutrino flux, whose spectrum is approximated in terms of a Gamma distribution [40, 71] , with the inverse-betadecay cross section, as outlined in Sec. V of [40] and Fig. 5 ). The quadrupolar structure is clearly visible across the various snapshots. This explains the quasi-periodic, directionally independent signal modulations visible in Fig. 4. references therein.
The signal modulations developing in BH-forming stellar collapse will also be detectable by the water Cherenkov detector Super-Kamiokande [52] . Super-Kamiokande is also mainly sensitive to ν e and will have less statistics than IceCube, but it has the advantage of being virtually background free. The Super-Kamiokande detector has a fiducial volume of 22.5 kton. For the estimation of the expected event rate, we employ the same inverse-beta-decay cross section as for IceCube, and keep the same energy threshold (5 MeV) . A 100% detector efficiency is assumed for Galactic SNe [72] .
The top panels of Fig. 10 show the predicted Ice-Cube event rate for the 40 M (left) and 75 M (right) models for an observer located along the directions selected in Sec. III B and for a SN located at a distance of 10 kpc. Each predicted signal exhibits clear largeamplitude modulations due to SASI for observers located in the proximity of the SASI planes, similar to what was found for the 15, 20, and 27 M models in [40, 41, 45] . Remarkably, however, due to the strong SASI activity, the modulations in the neutrino signal will also be visible for the 40 M model for observers located away from the main SASI planes. Additionally, the quadrupolar SASI phase of the 75 M model in the interval [140, 175] ms is also clearly detectable along any given observer direction. The features present in the neutrino signal described above will be detectable by the Super-Kamiokande de-tector as well, as shown in the middle panels of Fig. 10 , although with a reduced event rate.
As visible from Fig. 10 , BH-forming stellar collapses are expected to have a slightly increased event rate than ordinary core-collapse SNe (see e.g. [40, 41] for comparison). The left panel of Fig. 11 shows the detection signifi- For simplicity, the νe signal without flavor conversions has been adopted for the other observer directions. The event rate mirrors the SASI signal modulations for both models. The expected event rate in DUNE is shown for the main νe− 40 Ar detection channel. cance of the time-integrated neutrino burst preceding the BH formation with the IceCube Neutrino Telescope. One can conclude that a BH-forming event will be detectable by IceCube up to O(100) kpc. For comparison, the middle panel of Fig. 11 shows the detection significance for Super-Kamiokande; the burst prior to BH formation will be detectable in neutrinos up to O(250) kpc.
Given the strong SASI activity of the models in-vestigated in this paper and the high event rate for BH-forming models expected from IceCube and Super-Kamiokande, we foresee that the characteristic neutrino signatures will also be visible in the upcoming DUNE neutrino detector [53] . DUNE is a 40 kton liquid-argon time projection chamber planned to be in complete operation within 2026. The main detection channel for low energy neutrinos will be the charged current absorption of electron neutrinos on 40 Ar (ν e + 40 Ar → e − + 40 K * ) with an energy threshold of 5 MeV and a planned detection efficiency of 86% [53] .
Similarly to the IceCube and Super-Kamiokande event rates, the DUNE event rate can be estimated by folding the emitted neutrino flux with the ν e -40 Ar cross-section provided in [53] and by taking into account the detection efficiency. The bottom panels of Fig. 10 show the predicted neutrino event rate in DUNE as a function of time for the 40 M (left) and 75 M (right) models along the observer directions selected in Sec. III B and at a distance of 10 kpc. Note that the main background for the detection of neutrinos from stellar collapse events would be about 122 solar neutrinos per day [53] . As we can see from Fig. 10 , this background is negligible with respect to the event statistics related to the neutrino burst from BH-forming stellar collapse events. The total expected number of events for the 75 M model increases by 30% on average if the charged current absorption of ν e on 40 Ar and the neutral current scattering of all flavors on 40 Ar are included. The gap between the event rates from ν e and the heavy lepton flavors becomes increasingly large as the post-bounce time increases, because, in this particular model, the emitted flux of ν e 's drops continuously after the infall of the Si/O interface while the flux ofν e and ν x increases.
As shown in the right panel of Fig. 11 , the detection of neutrinos from BH-forming collapse events will occur with a significance larger than 3σ in DUNE for bursts located up to 170 kpc for the 75 M model and 240 kpc for the 40 M model. In fact, although Super-Kamiokande and DUNE will have less statistics than IceCube (see Fig. 10 ), the detection of neutrinos from stellar core collapse events with these detectors will be more promising than for IceCube at large distances since these detec-tors are virtually background free. This feature is very encouraging for what concerns the detection of the BHforming stellar collapse that will not be visible electromagnetically.
B. Fourier analysis of the event rate
In this Section, we further identify the detectable features of SASI unique to BH formation by studying the frequency content of the neutrino event rate of the two BH-forming models in Fig. 10 . For this, we investigate the spectrograms of the neutrino event rate obtained as detailed in [45] , and the power spectrum of the neutrino event rate, computed as detailed in [44] . Figure 12 shows the spectrograms of the IceCube event rate for the 40 M model along the three observer directions selected in Sec. III B. Each spectrogram is normalized to the maximum Fourier power along the selected observer direction. Along Direction 1, the first SASI episode is identifiable through the stripe in hotter colors appearing in correspondence to the SASI frequency [O(100) Hz]. Remarkably, given the long-lasting SASI phase, the spectrogram clearly highlights an overall increase of the SASI frequency as a function of time. This trend can be explained by taking into account that the SASI frequency depends on the shock radius and on the NS radius in the following way [8] f −1
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where c s is the radius-dependent sound speed and v is the accretion velocity in the post-shock layer. As visible from Fig. 1 , for the 40 M model, the shock radius contracts reaching a local minimum around 200 ms, then it slightly expands around 300 ms until it reaches a stationary value; correspondingly, R NS contracts and the post-shock velocity tends to follow a trend opposite to the shock radius (smaller shock radii lead to higher magnitudes of the post-shock velocity and viceversa), see Figs. 1 and 3 . Therefore, the SASI frequency tends to decrease during phases of shock expansion and to increase during periods of shock retraction. Thus, in Fig. 12 , one can clearly see that f SASI tracks the shock contraction and expansion preceding the onset of BH formation. Notably, even the spectrogram of the signal along Direction 2 (i.e., along one of the least optimal directions for observing the modulations in the first sub-interval of the long SASI episode) shows clear signs of the evolution of the SASI frequency in time. The less prominent, but still traceable hot region in the first sub-interval, [160, 420] ms, lines up perfectly with the brighter hot region in the second sub-interval, [420, 500] ms, as it does along Direction 1 and 3. Also, along Direction 3, the colored regions line up at the boundary between the two sub-intervals (t p.b. 420 ms), indicating that the hot region in [420, 500] ms marks a continuation of the SASI episode along a slightly different direction. Figure 13 gives the spectrograms of the IceCube event rate for the 75 M model along the two observer directions chosen in Sec. III B. As expected, the hot red region corresponding to the SASI frequency in the interval [175, 230] ms nearly disappears between the Strong (left) and Weak (right) Modulation directions. The frequency of the quadrupolar SASI modulations in the Ice-Cube event rate in the interval [140, 175] ms are represented by a hot red region, visible as expected in both spectrograms due to their directional independence. The left hand panel shows that the SASI dipole frequency is clearly lower than the frequency of the SASI quadrupolar motion. In fact, as visible from Fig. 1 , for the 75 M model, the relative difference R s − R NS grows as a function of time as R s expands and R NS contracts, and this is responsible for a drop of the SASI frequency from the quadrupolar to the dipolar phase. At the transition between the quadrupolar and the dipolar phase, the shock radius shows a slight expansion followed by a contraction (between 130 and 160 ms just before the approach of the Si/O interface) that is also tracked by the drop of the SASI frequency in the same time interval. Figure 14 shows the Fourier power spectra of the Ice-Cube event rate for the 40 M (left) and the 75 M model (right), normalized to the power of the detector background noise. On the left hand side, the power spectrum for the 40 M model has been computed in the interval of the first SASI episode, [160, 500] ms, along each of the three observer directions selected as in Sec. III B. Two different frequency peaks can be clearly identified, one at ∼ 110 Hz and the other one at ∼ 130 Hz, corresponding to the SASI frequency in [160, 420] ms and [420, 500] ms sub-intervals, respectively. Thus, there is an increase in frequency of about 20 Hz as the shock radius retracts. However, this feature will only be detectable along directions where all SASI peaks rise above the power of the shot noise in IceCube.
The right panel of Fig. 14 shows the Fourier power spectrum of the 75 M model. Along the Strong Modulation direction, two peaks can be clearly identified; one corresponding to the dipolar SASI frequency at ∼ 80 Hz, and one corresponding to the frequency of the quadrupolar SASI at ∼ 160 Hz, exactly twice the former. As expected, the peak of the dipole SASI frequency disappears along the Weak Modulations direction. Each. power spectrum has been normalized to the average power of the IceCube shot noise. In the left panel, the Fourier spectrum for the 40 M model is plotted along Direction 1 (dark red), Direction 2 (lime green), and Direction 3 (pale blue) selected as in Sec. III B, over the time interval of the first SASI episode. The two separate peaks indicate the dominant SASI frequency in the modulations of the first and second phases of the SASI episode respectively. A higher "overtone" is visible as low peak around 260 Hz (see also Fig. 12 ). The Fourier power spectrum of the fullνe IceCube event rate for the 75 M model is plotted along the directions of strong (dark red) and weak (pale blue) modulations determined in Sec. III B. The two peaks correspond to the SASI quadrupolar and dipolar activity. The dipolar SASI peak is sharp and prominent, whereas the peak corresponding to the quadrupolar SASI is broader. Figure 15 presents the detection significance of the SASI peak in the Fourier spectrum of the IceCube, Super-Kamiokande, and DUNE event rates for the 40 M and the 75 M models as a function of the SN distance. For each model, we choose the direction yielding the highest number of total events, i.e, Direction 1 for the 40 M model, and the Strong Modulations direction for the 75 M model. The band is found by considering the two scenarios of absence of flavor conversions or full flavor conversion, as shown in Fig 10. In IceCube, the SASI peak will be distinguishable over the detector noise for distances up to 35 kpc for the 40 M model, and In conclusion, due to the higher neutrino event statistics, the Fourier power spectrum of the IceCube event rate will be able to determine the SASI frequency at greater distances than DUNE and Super-Kamiokande. However, due to the absence of background in DUNE and Super-Kamiokande, these detectors will be able to detect the neutrino burst from a BH-forming stellar collapse event up to impressively large distances.
V. CONCLUSIONS
Intriguingly, very little is known about the properties of black hole (BH) forming stellar collapse events. Throughout this work, we aim to provide a first attempt to infer detectable characteristics of the neutrino signal unique to BH formation, by exploring the neutrino emission properties of the 3D hydrodynamical simulations of two BH-forming progenitors with different masses (40 M and 75 M ) and metallicities.
The two models have different BH formation timescales ( 570 ms for the 40 M model and 250 ms for the 75 M model). Interestingly, while the 75 M model exhibit a shock expansion before the collapse into a BH, similarly to what was found in [30, 47, 50] , the shock radius evolves towards a quasi-stationary value in the 40 M model. The extremely high accretion rate buries the proto-neutron star convection layer deep inside. The luminosity is dominated by accretion luminosity, and the neutrino-driven self-sustained asymmetry (LESA) is absent in both models.
Extremely strong and long-lasting SASI episodes occur in both models. Since the neutrino event statistics for BH-forming stellar collapse is expected to be one order of magnitude higher than those of ordinary core-collapse supernovae, the SASI frequency will be detectable by the IceCube Neutrino Telescope for BH formation occurring up to distances of 35 kpc (∼ 22 kpc) for the 40 M (75 M ) models. Similarly, the detection prospects are limited to our own Galaxy for Super-Kamiokande and DUNE.
Notably, given the long-lasting SASI, the evolution of the SASI frequency will be clearly visible, e.g. in the spectrogram of the IceCube event rate. Moreover, SASI imprints will be detectable in neutrinos even for observes located away from the SASI plane because of the strong SASI activity.
The two BH-forming progenitor models explored throughout this work illustrate the phenomenal power of using neutrinos to study the physical processes involved in BH formation. The excellent detectability prospects in neutrinos for these yet mysterious astrophysical events have the potential to unveil the inner workings of collapsing massive stars.
